Insects communicate through several modalities including sound. One of them is through acoustic signals ( [@B22] , [@B19] ). Acoustic signals may be produced in a variety of ways, the most common being wing vibration (e.g. *Drosophila* ) and stridulation of different body structures (e.g. Orthoptera). Acoustic signals are received by a variety of sensory structures; for example, in many Diptera, the antennae and Johnston's organs (JO) at their base perceive sounds created by the wing vibrations of other insects flying nearby ( [@B27] , [@B24] ), whereas highly elaborate tympanal ears (not unlike mammal ears in some design features) have evolved in Orthoptera ( [@B51] ) and Diptera ( [@B59] ).

Acoustic signals are usually associated with sexual behaviour and are frequently used by many insects during courtship or male-male competition ( [@B22] , [@B19] ) although they can also be used as a defence mechanism to deter predators ( [@B46] ). The precise function and design of songs can also depend on whether they are used as a long-range signal to attract potential mates or at close-range where they can be more stimulatory ( [@B22] , [@B76] , [@B49] ). When associated with mating behaviour songs are frequently under sexual selection and in theory signal-preference co-evolution can lead to rapid evolution, ( [@B34] ). Evidence from comparative studies (Gleason & [@B58] , [@B57] ) supports the idea that songs can diverge particularly quickly. As such, acoustic signals have been used extensively in evolutionary studies, both because they can provide species-specific traits for taxonomic studies, but also because interspecific song differences are often involved in pre-mating reproductive isolation, one of the main causes of restricted gene-flow between closely related species ( [@B25] ).

Over 250 million people per year are infected with vector-borne pathogens around the world, leading to over one million deaths annually (World Health Organization, available from who.int). A greater understanding of the sensory-controlled behaviour of vector species can aid the design of improved surveillance and population control methods ( [@B43] ) and contribute to our general knowledge of the evolution of animal behaviour.

Acoustic behaviour has been reported in only four of the major groups of haematophagous (blood-sucking) insects. There is evidence that sound plays an important role in mating behaviour for mosquitoes and sandflies and less clear-cut evidence for this in triatomine bugs and the tsetse fly. The discovery of species-specific courtship songs in sandfly species opened up new approaches to the investigation of behavioural phenotypes that play a role in gene flow and species isolation (de [@B14] , [@B3] ). Gibson and Russell (2006) described an entirely novel form of auditory interaction in mosquitoes, involving a mechanism of continuous feedback between two flying mosquitoes that leads to complex interactions between harmonics of their wing-beat frequencies. Since then, "duets" have been described in several vector mosquito species ( [@B8] , 2010, [@B85] , [@B24] , [@B54] , [@B9] ). These recent developments have catalysed interest in blood-sucking insects as models for functional and evolutionary bio-acoustic studies. Here we review the most salient studies of acoustic signalling in insect disease vectors and discuss potential new research directions for this relatively unexplored field.

*Mosquitoes (Diptera: Culicidae) -* An elegant study of mosquito physiology by Christopher [@B32] was the first to describe the specialised hearing organ at the base of the antennae in dipterans that bears his name, the JO. The hearing apparatus of mosquitoes is structured much like an inverted umbrella, with the antenna held centrally in the JO by its ring of 60-80 "prongs" (scolopidia) that are thought to mechanically detect antennal vibrations, thereby stimulating thousands of sensory cells lining the JO, which carry the signal to the central nervous system ( [Fig. 1A](#f01){ref-type="fig"} ). Mosquitoes have the most acute sense of hearing known amongst invertebrates ( [@B28] ) and Johnston himself speculated that audition was associated with mating behaviour.

Fig. 1: mosquito acoustic communication. A: photograph of the head of an *Anopheles gambiae s.s.* male and a schematic diagram showing a cross-section of the antenna with hair-like fibrillae (F), the Johnston's organ (JO) at the base of the antenna and the ring of mechanosensory scolopidia (S) and associated sensory cells (SC) ( [@B5] ) \[modified from Warren et al. (2009) with permission of the publisher\]; B: spectrograms of the fundamental components of the flight tones of the mosquito *Toxorhynchites brevipalpis* for opposite and same-sex pairs (male ♂, blue; female ♀, red) \[modified from Gibson and Russell (2006) with permission of the publisher\]; C: spectrograms of the flight tones of male-female pairs of the M and S molecular forms of *An. gambiae s.s.* , showing the harmonics of males (blue) and females (red) and periods of frequency convergence (gray male, green female) \[from Pennetier et al. (2010) with permission of the publisher\].

Mosquitoes transmit a wide range of pathogens that are the causative agents of debilitating and life-threatening diseases, such as malaria, dengue fever and yellow fever, making them the most epidemiologically important insect group. Although hearing might have a role in host finding, as for example in the case of the frog-biting mosquito *Uranotaenia lowii* , whose females are attracted by male frog song ( [@B7] ), acoustic signals mainly play a particularly important role in mosquito mating behaviour.

Mosquito sounds are produced by the beating of their wings during flight. Males and females usually have quite different wing-beat frequencies, with males generally producing higher frequencies due to their smaller size ( [@B6] , [@B12] ). The sound frequencies of several species, particularly of the *Anopheles, Culex* and *Aedes* genera, have been analysed ( [@B12] ). Their wing-beat frequencies vary between 200-800 Hz and produce multiple harmonics, the lowest of which are defined as the "fundamental" frequency or "first harmonic" and is equivalent to the number of times a mosquito beats its wings per second. Higher harmonics are simply multiples of the first harmonic and can extend up into the 1,000's of Hz.

For many years, it was thought that acoustic communication in mosquitoes involved only a one-way flow of information, with females sending the signal and males receiving it. The basis for this conclusion was the observation that males of many species respond to female flight tones by flying towards the source of sound ( [@B11] , [@B20] , [@B6] , [@B12] ) and males have more "plumose" antennae (i.e., many more fibrillae or "hairs" on each antenna), creating a greater surface area with which to detect sound ( [@B6] , [@B12] ). [@B23] were the first to show, using *Toxorhynchites brevipalpis* mosquitoes, that females also respond to male flight tones, albeit not by altering their flight course. Both sexes responded to a pure tone stimulus (i.e., only a fundamental frequency, with no higher harmonics) within a range of frequencies close to their own flight tone by altering their wing-beat frequency until they nearly synchronised with the pure tone ( [Fig. 1B](#f01){ref-type="fig"} ). Similarly, both sexes responded to the sound of a nearby flying mosquito of the opposite sex by altering their respective wing-beat frequencies until they were nearly synchronised with each other. If both mosquitoes were of the same sex, however, they actively avoided synchronising. Thus, they concluded that mosquitoes could use this mode of auditory communication as a mechanism of sex recognition.

Since then, acoustic duetting has been observed in the disease vectors *Aedes aegypti* , *Culex quinquefasciatus* and *Anopheles gambiae* *s.s.* \[ [@B8] , [@B10] , [@B85] , [@B54] , respectively\], but involves a rather more complex interaction than found in *T. brevipalpis* . In these vector species, the basic wing-beat frequencies of males and females are significantly different and, therefore, they cannot synchronise at their respective first harmonics (i.e., fundamental frequencies). Instead, they move toward synchronisation at a higher harmonic, converging on a frequency that is common to both mosquitoes. For example, if a female is flying at a fundamental frequency of 480 Hz, her third harmonic would be 1,440 Hz and a male flying at 710 Hz would produce a second harmonic at 1,420 Hz, so there would be only 20 Hz difference between these higher harmonics. Both mosquitoes would adjust their respective wing-beat frequencies to converge on a frequency in the region of 1,430 Hz ( [Fig. 1C](#f01){ref-type="fig"} ).

Although there is little doubt that "frequency convergence" occurs, the details as to how this highly unusual mechanism of duetting is accomplished at the biophysiological level have not yet been fully elucidated. As for the functional significance of frequency convergence, some data suggest that it might be under sexual selection and that the male wing-beat frequency could function as an "honest" signal of male quality ( [@B10] , [@B9] ), potentially providing females with some indirect benefits, such as "sexier" sons. There is evidence that the ability to converge frequency is heritable ( [@B9] ).

The frequency convergence of flight tones may also have an important role in species-specific recognition of potential mating partners. It was observed in tethered mosquitoes of the closely related "M" and "S" molecular forms of *An.* *gambiae* *s.s.* that frequency convergence occurred most often when the male and female were both of the same molecular form ( [@B54] ). These two forms represent cryptic species ( [@B39] , [@B18] , [@B38] , [@B73] , [@B36] ), with the M form recently officially named *Anopheles coluzzii* Coetzee & Wilker- son and the S form retaining the name *An. gambiae s.s.* ( [@B13] ). Across most of their sympatric distribution they exhibit reproductive isolation and even though the mechanisms that cause this isolation are not fully understood ( [@B69] ), it seems that auditory interactions may contribute to sexual isolation between the forms, even though the wing-beat frequency ranges of the two forms overlap ( [@B78] , [@B18] , [@B54] ).

The consistent evidence for duetting observed in mosquitoes from different genera suggests that this phenomenon may be quite common in Culicidae. Also, a review of the available data for a number of mosquito species from the *Aedes* , *Anopheles* and *Culex* genera suggests that frequency convergence between the sexes may always occur at the third female and second male harmonic ( [@B82] , unpublished observations).

*Sandflies (Diptera: Psychodidae: Phlebotominae) - Lutzomyia longipalpis,* the main vector of visceral leishmaniasis in the Americas, constitutes a complex of cryptic species ( [@B84] , [@B35] ). For some time it was not clear whether the Brazilian populations of this vector represented one species or several sibling species \[reviewed by [@B4] and [@B42] \]. Among the best pieces of evidence that there are more than one species in Brazil are the distinctive "songs" produced by males from different populations (de [@B15] , [@B14] , [@B3] ). These songs are produced by wing vibrations, as in *Drosophila* , but are unusual in that they are produced during copulation rather than during pre-copulatory courtship. The copulatory courtship songs of *Lu. longipalpis s.l.* are likely to be involved in reproductive isolation since mating experiments show a high level of insemination failure in copulations between sibling species that produce different songs (Ward et al. 1988, [@B74] ). Why female choice should be based on copulatory courtship is not well understood, but it may suggest that cryptic female choice ( [@B21] ) possibly related to sperm competition ( [@B30] ), is important during mating in this insect vector.

Two different songs are produced by males during copulation and have been called primary and secondary songs ( [@B14] , [@B3] ). The primary song is produced during every mating and shows differences among Brazilian populations of *Lu. longipalpis* *s.l.* (including some pairs of sympatric species), while the secondary song is not always produced and seems to be somewhat similar in all populations, although it has not been extensively studied ( [@B14] , [@B3] ).

Three main types of primary song have been found in populations of the *Lu. longipalpis* complex so far: pulse-type, burst-type and mix-type ( [@B14] , [@B3] ). The pulse-type song, characterised by short pulses ( [Fig. 2](#f02){ref-type="fig"} ), is the most variable of the three types and five distinct patterns have been found among populations in Brazil, with differences in many song parameters, suggesting that each pattern belongs to a different cryptic species. This finding is consistent with molecular data, which shows that pulse-type populations have higher genetic differentiation among them than burst-type populations ( [@B14] , [@B3] ).

Fig. 2: sample of the three types of songs found in the sandfly *Lutzomyia longipalpis* . The mix-type starts with a pattern similar to a pulse-type and then switches to a more burst-type like song. Recordings show 1 sec of song.

The main characteristic of the burst-type song is that it has polycyclic long pulses that are highly modulated in amplitude and frequency ( [Fig. 2](#f02){ref-type="fig"} ). This song type was found in a number of populations of the *Lu. longipalpis* complex in Brazil. However, all of the populations produced the same pattern and similar song parameter values, suggesting that they constitute a single species, a finding that is consistent with the molecular data ( [@B14] , [@B3] ). Interestingly, in at least three localities where pairs of sibling species occur in sympatry, they differ in song type, with one producing the pulse-type song and the other producing the burst-type song. This reinforces the idea that this acoustic signal contributes to sexual isolation by species recognition ( [@B14] , [@B3] ).

The mix-type song has been described in only one population ( [@B3] ). It starts with a segment that resembles pulse-type song and then switches to a segment that is more similar to the burst-type song ( [Fig. 2](#f02){ref-type="fig"} ). However, both segments are clearly distinct from the pulse-type and burst-type songs, showing significant differences in both pattern and parameter values ( [@B3] ) ( [Fig. 2](#f02){ref-type="fig"} ).

Acoustic communication has also been observed in other sandfly species. Males of *Lutzomyia cruzi* and *Lutzomyia migonei* also sing during copulation ( [@B80] , b), while *Lutzomyia intermedia* produces a pre-copulation courtship song ( [@B82] ). *Lu. cruzi* is close related to *Lu. longipalpis* *s.l.* and they produce a burst-type primary song similar to the one observed in populations of this species complex (see above), but with significant differences in song parameters ( [@B80] ). Male copulation song in *Lu. migonei* is composed of short trains of pulse song different from the ones observed in *Lu. longipalpis s.l.* ( [@B81] ). In *Lu. intermedia* only pre-copulation songs were observed and males produce a pulse song that is different from those of the other species ( [@B82] ). The three Brazilian populations of this vector so far recorded have similar song parameters. Since no copulation was observed in the experiments, it is not yet clear if they also sing during copulation as in the other sandfly species, but it remains a possibility ( [@B82] ). Pre-copulation acoustic signals produced by both sexes have also been observed in *Lu. longipalpis s.l* *.* (Ward et al. 1988), but their function is less clear as some of these sounds are also observed when the sexes are isolated in single-sex groups ( [@B81] , unpublished observations).

Acoustic communication is probably widespread in Phlebotominae, but further studies, especially playback experiments ( [@B58] ), are necessary to assess in more detail the role of male songs in sandfly sexual behaviour. Recently, [@B41] showed that playback of copulatory song in *Drosophila* can greatly extend copulation duration, which may cause greater reproductive success if it leads to higher levels of insemination.

*Triatomines (Hemiptera: Reduviidae) -* Triatomine bugs are vectors of trypanosomes, including the causative agent of Chagas disease in the Americas. Some species of this group are able to produce sounds by stridulation ( [@B71] , [@B37] ). Triatomine bugs stridulate by rubbing the tip of the proboscis in the stridulatory organ of the prosternum ( [@B71] , Di Luciano 1981). The stridulatory organ constitutes a series of longitudinal grooves in the cuticle and is similar in all species of this subfamily ( [@B71] , Di Luciano 1981). In *Triatoma infestans* , this organ is present in both nymph and adult forms and does not present sexual dimorphism. In first instar nymphs, it is underdeveloped, but by the second instar, this organ is already fully formed and the stripes become parallel bars. As the insect metamorphoses from one instar to the next, the stridulatory organ increases in length and width, but the number of stripes does not change ( [@B17] ). Only the central region, about 1/3 of the organ, is stroked during stridulation ( [@B60] ). While some bugs may stridulate by doing only a downward movement, as in *Dipetalogaster maximus* , others do both downward and upward movements (e.g. *T. infestans* and *Rhodnius prolixus* ) ( [@B71] , [@B60] , [@B45] ).

Even though these bugs are able to perceive sound with the JO ( [@B71] ), it is not clear if the sound itself has an actual role in intra-specific communication since no behavioural responses have been observed in playback experiments ( [@B71] , [@B37] ). Some authors have suggested that the role of stridulation in triatomines may be through a substrate-borne vibration transmitted either *via* the ground or *via* the body itself ( [@B44] , [@B45] , [@B37] ). Either way, stridulation produces a vibrational signal that seems to be involved in triatomine communication.

The first vibrational signal described in triatomines was a disturbance stridulation produced when the bugs were immobilised or handled ( [@B52] , [@B71] , [@B60] , [@B45] ). In spite of some differences, this stridulation has important similarities in all species analysed so far in different genera, such as, *Triatoma* , *Rhodnius* , *Dipetalogaster* and *Panstrongylus* ( [@B71] , [@B70] ). Although stridulation produces a wide range of frequencies including ultrasound, the temporal patterns are generally the same in all cases ( [@B71] , [@B70] ).

It has been suggested that this stridulation is used as a defence mechanism against predators ( [@B40] , [@B71] ), as in some other stridulating insects ( [@B46] , 1980). Indeed, this is probably the evolutionary origin of most "singing" structures in insects ( [@B22] ). The fact that many bug species produce a similar stridulation pattern reinforces the defence theory since these sounds could act as a Mullerian convergent mimetic signal, helping to "train" predators to avoid attacking them ( [@B47] , [@B70] ). Some studies have shown that disturbance stridulation can deter some predators ( [@B46] , 1980). This suggests that in this case stridulation is used for interspecific communication ( [@B45] ), especially considering that it does not incite behavioural modification in *Panstrongylus megistus* during playback experiments ( [@B71] ). Recently, vibrational communication in bugs has been shown to be remarkably complex; mother treehoppers were shown to signal their offspring, training them to avoid unnecessary false alarm signals in response to non-predators ( [@B29] ).

Female bugs can stridulate to reject copulation after the male mounts her. Female stridulation makes the male stop moving or dismount and leave ( [@B44] , [@B45] , [@B55] ). This behaviour was recorded as a substrate-borne signal ( [@B44] , [@B45] ). *T. infestans and* *R. prolixus* show different male-deterring stridulations, with the former having a lower repetition rate (23.8 syllables/s) and frequency (700-800 Hz) than the latter (35.6 syllables/s and 1,500 Hz, respectively). In both species, this type of stridulation is faster than the disturbance type ( [@B44] , [@B45] ).

The likely receptor of the substrate-borne signal is the distal scoloparia of the tibia \[Autrum & Schneider (1948), cited by [@B45] \]. However, the intensity and the frequency of the vibratory signals produced by *R. prolixus* do not fall within the threshold of sensitivity range of this organ \[Autrum & Schneider (1948), cited by [@B45] \]. Since males do change their behaviour in response to the signal (they stop courtship), even when females are artificially vibrated ( [@B37] ), a potential explanation is that there is another yet unknown receptor for substrate-borne vibration.

*Tsetse (Diptera: Glossinidae) -* The tsetse fly, Glossina spp, is the vector of trypanosomes that are the causative agent of sleeping sickness in humans and *nagana* in cattle in Africa. The name "tsetse" is in fact an onomatopoeic word for the characteristic buzzing the flies make ( [@B66] ). Many different sounds are produced by tsetse in various contexts that have been described as singing, buzzing, squeaking or pinging ( [@B66] ). During sound production, flies vibrate their wings, but the sound is actually produced by the axillary wing sclerites of the wing junction since removing the wings does not prevent sound production ( [@B56] ). These songs are associated with several behaviours, including mating and blood-feeding. In *Glossina morsitans morsitans* sound production is more intense in the morning, with a peak in the first couple of hours ( [@B63] ), although it not under the control of a circadian rhythm because the pattern of timing is not maintained in constant darkness ( [@B63] ).

One of the many sounds produced by tsetse flies is associated with feeding and can be produced before and after blood intake ( [@B56] , [@B63] , [@B64] , [@B65] ). The pre-feeding buzz has a short duration (\~0.25 sec) and occurs most often in mated females ( [@B56] , [@B65] ). Post-feeding songs are more common generally and once again occur most frequently in mated females ( [@B56] , [@B65] ). They can be produced up to 30 min after a blood meal, even if the host is removed ( [@B56] , [@B65] ). Post-feeding sounds have been described for *G. m. morsitans* , *Glossina morsitans orientalis* , *Glossina palpalis* , *Glossina austeni* , *Glossina tachinoides* and *Glossina brevipalpis* and show distinct species-specific patterns ( [@B66] ). The sound is received by the antennal flagellum and induces unfed flies to become mobile and unsheathe their proboscis, but only when species-specific song is heard ( [@B56] , [@B66] ). This suggests that this type of song is involved in attracting other individuals of the same species to a suitable feeding place on an animal ( [@B56] ). This can be important since flies cannot feed in areas where the fur is excessive ( [@B56] ). Although at first hand the idea of attracting other individuals to a feeding site might sound counter-intuitive since there is the suggestion of group selection, individual benefits of cooperative blood-feeding have been demonstrated in sandflies ( [@B77] ).

[@B31] observed that the muscle contraction involved in generating sound also produces heat, which increases the thoracic temperature. They found that the duration of sound production by the fly after feeding was related to the initial thoracic temperature, which suggests this humming is important for endothermic control. In this way, it is possible that sound production is a by-product of thermal control, to optimise flight "take-off" that would otherwise be more difficult with the excessive weight of a full blood meal. The *honey bee* , among other insects, is also known to increase its temperature prior to take-off by producing a buzzing sound ( [@B72] ).

Tsetse males also "sing" to females during courtship. In some species, such as *Glossina fuscipes fuscipes,* males start to sing prior to mounting and continue after copulation starts and at regular intervals until the ejaculatory phase starts, i.e., the final phase when the seminal fluid is transferred ( [@B61] ). In others species, such as *G. m. morsitans* , males produce sound only after mating has begun, hence displaying only copulatory song ( [@B67] ). This species sings sporadically during the first 5 min and after that only when the female becomes agitated or if the couple is disturbed ( [@B67] ). After the first copulation, both male and female can produce acoustic signals that leads to a second copulation, but if the female is not receptive it makes a different sound, rejecting the male ( [@B67] ).

Females of *G. m. morsitans* also produce a sound after parturition. This song is longer than the others described above, lasting for approximately 6 min instead of seconds ( [@B16] ), but its function is not clear.

Despite the known importance of the antennal flagellum for detecting post-feeding sound ( [@B56] ), more recently it has been found that the prothorax membrane could possibly be a tympanal hearing organ ( [@B79] ). Interestingly, these two types of receptors usually have different properties, with tympani having greater sensitivity to long-range sounds and higher frequencies ( [@B86] ). Considering the wide variety of sounds produced by tsetse flies, these different receptors could be involved in several distinct contexts.

*Perspectives -* The mechanisms and functions of sound production and detection in insects have been investigated across the disciplines from behaviour to neurobiology and increased our understanding of sexual communication, sexual selection and modes of speciation. In the case of insect disease vectors, acoustic communication studies may also provide practical benefits. Understanding song variation can allow the identification of cryptic siblings in species complexes ( [@B3] ). Knowledge of acoustic communication can contribute to vector control with sound traps to monitor or control males of vector mosquito species ( [@B6] ). Despite some technological difficulties, recent tests have proven successful in increasing *Aedes polynesiensis* male capture in the field using sound traps ( [@B75] ). The success of vector control strategies based on the release of sterile or genetically modified males depends on the mating competitiveness of released males in relation to wild males, which may involve species-specific acoustic behaviour. Condition-dependence of sexual signals may lead to greater sensitivity of songs to male condition. A related important question not yet addressed is the influence of parasite infection on sound production and the consequences for sexual fitness. This could have important epidemiological implications, as it likely affects the dynamics of disease transmission and mating success.

There are many possible directions for future research on acoustic behaviour. For example, the function(s) of many of the sounds that have been described in a number of species are poorly understood, especially in tsetse flies and triatomine bugs. If song variation can be demonstrated to influence reproductive isolation between species, then understanding song pattern variation will allow us to more accurately predict the spread of insecticide resistance because gene flow will reflect song pattern variation. However, the extent to which behaviourally induced reproductive isolation can impede the flow of advantageous genes between hybridising species is likely to be a complex interaction between the strength of selection and the effectiveness of "barrier *loci* " (such as song and preference genes) in countering gene flow ( [@B1] ). This could also be important in relation to decisions concerning where the application of particular insecticides may need to be controlled more carefully. Songs may also prove to be valuable phenotypes to study host-parasite interactions since it is well-known that parasites can affect host behaviour ( [@B2] ). This aspect can be particularly important in tsetse where both sexes can become infected, especially considering that constant infection pressure can lead to co-evolution between host and parasite and possibly co-speciation ( [@B50] ).

The genetic basis of sound production and reception is also an area still unexplored in insect disease vectors. As a number of genetic and molecular tools derived from those developed for model species such as *Drosophila melanogaster* become available for blood-sucking disease vectors ( [@B68] , [@B33] ), some of the neurogenetic bases of sound production and hearing might be unravelled in these medically important insects as is currently under way in *Drosophila* ( [@B53] , [@B83] ). Mutants of the sex determining pathway of *D. melanogaster* are available which disturb male-specific behaviours, including the ability to sing and mate successfully ( [@B62] ) and some of these seem to have conserved roles throughout the Diptera ( [@B48] ). Integrative studies of song variation and population genetics will allow detailed inference of species boundaries in species complexes such as *Anopheles* and the contribution of trait variation to patterns of speciation and genomic differentiation in these important disease vectors.

We dedicate this review in memory of Alexandre Afranio Peixoto.

[^1]: *In memoriam*
